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Fundamental Flechanlams Of Optical Dmage In Short+ lavelensth High-Pouer

R.F. Haglund, Jr. and N.H. Tolk

Department of Physics and Astroncay, Vanderbilt University
Naahvllle, TN 37235

G.W. York

Physlc~ Division, Los Alemos National Laboratory
LOS Alamoa, NH 87545

Evidence hasbeena ccaulatingf ormany years that thephysloti ❑echanisms

Lamera

resoonslble
for damage to optloal materials in end frcam high-power, short-wave-length lasers (SNla)
differ in fundamental waya fran the thermal processes identified in infrmred and
vlalble-wavelength laaer damage problans. lie propoee that this difference atmas
primarily frmn the electronlo nature of the ●baorptlon and exaltation prooesses which
oocur when SklL photone atrlke mn optioel surface, ●nd that eleotrona, ionm and uv
photone generated in the lmeor oxoltatlon oycle also oontrlbute to optloal damage. In
thla paper, we present reoent ●xporlmental resulte whioh have pinpointed epeolfio
●lectronic ●xoitatlon meohanlams uhioh oan operate in the high-power laaer envlromnent.
In many optloal materlale of lntereat for SWLm, the deposition of ●leotronlo ●nergy
oreatea eel f-trapped exolcona whloh deoay through the ●nergetio ●xpulelon of ●taas and
moleouleei from the aurfaoe of the material. Thla ●roalon prooeas la ●oompanlad by
the oreatlnn of permanent ●luotronlo defeota whloh beoome nuoleatlon altea for further
damage. TIa relatlonahip between these ❑loroaooplo meohanlama and ob.served maoroeooplc
dunage phmmenology le dlaouaaed, along with ●vldenoe for the ●xlatenoe of ● surfaoe
overlaye, which may point the way to radloally new teohnlquee for protecting SW
optloal elemente frao lamer @sage.

}, Introdu$t i on

Early aLudles of optiaal damage to laser oomponenta ●t wavelungthe of 1 ard 10 mlorons
showed that thero were two primary oaueee for oataatrophlo failure of large optloal elements in
higher power lamer ayetmua: flrat, the heating of submloron lnolualone left fran polishing or
other manufaoturllg prooeeaes [1 ]1 ●eoond, ●valanohe break-down or field miaalon ●t mlor~
uraoka or pores in Lhin optloal ooatlnga [2]. These modaa of lamer damage have been atudled for
❑any yeara, ●nd chia work haa brought ●lgnlfloant improvement in the performance of optloal
mater laln, largely through improved quality oontrol In tho fabrication prooeeat Howevor, the
very auooees of those ●xplanation haa alao led to ● strong predlapoaltlon to aeorlbe all Optloal
dunage ●ither to thermal ●ffeota or to the ●xoitatlon-energy donelty of high-powr laaer pulaea,
even In the faoe of ●xperimental ●vldenoe thatshort-wavelength laaer photona oan Induoe phyaloal
●nd ohemioal tranaltlona ●ven in pure, atruoturmll y-perfoot meteriala by ❑ultlphoton meohanlnma
[31.

We have been working to identify the fundamental damage llmlta for short-wavelength laeera
set by phyaloa and oheudatry of the lamer-materials interaotlon rather than by deflolenolea in
opttoal manufaoturlng praotioe. Our sxperlmental tcohnlques allow a algnlfloant degrea of
oontrol ovor ●nd oharaotorlzatlon of tha lnoldent primary radlatlon, the ●ubatrateo ●nd ovm’layere
ohoson u ●odoi ayat-o, ●nd Lhe dynamloal state of ●toms, lona and ●lcotrona c.leoted fran the
target materlala following irradiation. Experiment. baaed on theee teohnlquoa ●re yl~lding an
lnoreamingly datailod plcturo of the ways in whloh ❑icroscopic absorption, locollxatlon and
rodlotrlbutlon of ●bsorbed photon ●rq partlole ●nerfiy trlglwa m.+oroaooplo deatruotlve ●van’.e
●uuh ●a deeorptlon, ●rosion, ●nd ●blation of optioai W’faoea. *

tWildlng on thla ●vldanoc, w. have ●rguad elaeuhare [Ii] that. Lhe primary damage meohaniema
in ohort-wavelength leaara ●re ●leotronlo ●nd that they ●l$o tr18gercd not only by tho lamer
Ilght Itself, but ●lao by ●leotrona ●nd UV photone oreated in the pmplnt prooenn ●nd by ●colted
lona and at.wo in the loner gaa plaama. This pioturo la G.mslotont with reoont ●xperlmnte
lndloatlng the onaot of a ●ajor ohan~o in the morphology of dama ● to ●eleoted dloiaotrloa

fooourrlng aaaewhore in the wavelength region ●round 290 nan~etera 5]. It is w“ OOntentl On
that thlc damage meohaniom oan be Identifl@d with the oneet of Deeorptlon ~nduoad by ~leotronlo
~rannltlona (han@eforlh DIET), ● generio aatomory of phonaoena lm~fiioated In ●ronlon find radlatlon



damage caused by low-ene.-gy elect rol.s, p, .5Q:.L and heavy particles (atcw,s, i:
Thus, we propos? that the cataztrophlc fa: lure modes Of excimer lSSer optics a, .
DIET processes caused by ions, electrons and ultraviolet photons from the lasf.. . .. . . . .
well as single- and multiple-photon desorptlon events induced by the laaer photons. h., ”.. i~-, &s
we shell show, these electronically-induced desorptlon events also have :hermal conseqwnces,
particular at laser flux levels above the plasma-formation limit.

In this paper, we flrat present experimental data from the Large-Aperture laser amplifier
Module (LAM) at the Los Alamos National Laboratory, indioatlng the lntenaity of the various
categories of radiation strlklng the optical surfaces. We next oonslder the ways in whloh DIST
processes ohanges the aurfaoe composition and OtrUCtUre of model optical materiala, keying our
remarks both to epecific electronic mechanlams and to the solid-state propertlea of alkali
t%lides. We then dlacuss ● model for damiige-inl t.latlng events in a typical large exclmer laser,
in which not only the laser photone but also uv photons, electrons, ions ●nd neutral stoma
created by the laser pumping process oan oontrlbute to the destruction of optioal aurfaoes. Ye
shell make a plauelbllity argtment supported by these data to danonstrate how lnitlal lou-fluenoe
events lnduoed by ●n electronlo pre-cursors lead to changea in surface composition whioh result
in cataatrophlo thermal breakdown when an Intenee lamer pulse lmplnges on ●n optlce.1 Surfaoe.
Finally, we adduoe experimental evidence for the exiatenoe of a protective surface overlayer, the
understanding of which may lead to ● new claaa of damage-resistant coatings for short-wavelength
laeere.

2. Sources CMOptioal Damage In High-Power Exclmer Laaero

Figure 1 shows ● achaatio of the Large-Apertura KrF laser amplifler Module (LAM) now
operating at the Los Alamos National Laboratory, ● device typical of current and planne- large
exclmer lamera for fualon ●pplications [6], The LAMhaa an aotlve volue of sae 2 ES, and
optiom aurfaoea (resonator mirror and windows) ●xoeedlng 1 ma in size. A population inveralon
in an Ar-Kr-F2 mixture la created through eleotronlo exoltatlon of the laaer gaa by two 400 kA
beams of 750 KeV eleotrona from ● oold oathode dleoharge. The eleotron trajectories in the gae
are constrained to ● dlrootlon tranaverae to the optloal axia by ● 4 kG magnetlo field produoed
by ● pair of large Helmholtz oolla, The mirror and wjndow have fused-ailloa or Pyrex aubetratea,
typically ooated with multl-layer dleleotrlo thin films of Si02, A1203, or other metal halides
or metal oxldea.

The daslgn tluenoe of the LAN le 1 J/oie’ in ● 500-ns pulael large UV laaera now under
design w1ll produae laser fl,lenoea ranglnu up to eeveral J/cerI’, Tha algnlfloanoe of theee flux
levels can be gauged by obaervinw that, for ● KrF iaaer (248 rim), 1 J/uoa oorreaponda to some
10’ photons per eurfaoe elte on the Irradiated optioal ●lm!ente, In ●lectron-beam-pumped laeera,
Bramatrahlung X-raya produced by the deoeleratlon of near-megavolt pump-beam ●leotrona, ●a well
MS scattered or diffusing low-energy ●leotrona, will ●lso lrradlate nearby optloal eurfaoea.
Each of these eouroes of radiation ●ffloiently produoea neutral atcam ●nd molecules through DIET
processes. t40reovor, many low-energy lon apeoiea In tha laser plaema--lnoludlng oxygtn, argon
and fluorine--are known to be ●fflolent ●t produolng reaotive-lon etohlng on lnaulatora and
aemlconduotora, particularly in the preeenoe of uv radlatlon [7 ], Thus, In tho preoureor pheae
of optloal damage, both radlatlon from the laaer ●nvlrorxuent ●nd the laser photona themeelvea
can play important roles,

Fig. 1. Schamatto of the
Large-Aperture KrF
Module ●t Loa Alamos,
Laser aotlon la initiated
by ●leatron-beam pwping
of ● rare-sas hal lde ●l xture
In the aotlve voi IMIo,



Gross measurements of the radiation flux in the plane of the LAMexit window shows that, in
spite of the large magnetic guide field, there 1s substantial leakage of the pump-beam electrons
fran the active laaer volune to the optical surfaces of the chaaber. In these experiments, a
Faraday cup wee placed in the center of the output window, a distance of approximately 40 oentlmeterc
frao el ther electron beam cathode and the current was meeaured during repeated shots f rcm one
cathode. It was found that at this center position that the current flux of electrons ranged
from 30 to 60 milliamperes per square centimeter. This gives an electron dose on the order of
10 to 100 eleotrone per surface site per ahot. We O.laOmeasured the total radiation done at the
window at several locatlona, using 1 ithi m fluoride thermal ltroineacence deteotore, and discovered
that the ●verage is approximately 2 rade total dose per square centimeter per ahot. Thus the laaer
anvironnent oontrlbutea in ●ma.1or uay to optioal damage, oonsi etent with many anecdotal obaervatione
of dramatic reductions in damage threshold for optioal materiala ‘insiden high-power laeera.

3. Desorptlon Induced By Electronic Transitions in Optioal Materials

The key to a fundamental understanding of optical damage in optical materiala for SULS ie
to find the link or links betwean the microscopic (Q., atOMiC-aOale) resorption of individual
stoma or moleoulea frm the optloal ❑aterial, and maoroacoplc erosion and large-aoale surfaoe
damage, This requi rea deal ing both with the detailed mechani ama of desorpti on end vi th thti
surface and solid-state propertlea of particular Optioal materiala.The key questions revel ve
around the exi stenoe of certain decay ohannela through which incident energy may be tranaformad
and redistributed to create defeots and partiole desorptio,]. Henoe, in oontraat to thermal
desorpti on proaeaaee--whi ch depend only on the bulk, tnermodynami c properties of the optioal
❑aterial-- any nerious investigation of aleatronic de80Fpt1011 ❑echaniama ❑ust aonoern itaalf with
the details of the optioal material properties, auoh as band structure, In this aeotion, we
aha.11 dlaouss DIET prooesaea in a generml way, ●nd present repreaentat. ive experimental data used
to rbtaln detailed dynamical information about them.

3,1. Electronically Stimulated Resorption of Neutral Atcxna

DIET proceaaea wow when low energy photons, eleotronloa, iona or neutral stoma interaot
ulth the atcrma in the surface and the near aurfaoe layer of bulk mater! al, The DIET proooaa M
shown in Figure 2 la characterized by three stagaai (1) an axoitatlon stage in whioh the enargy
of tha inooming par,tiole or photon la deposited in tt’Ie near-surface bulk; (2) the looallxation
phase, laating ~rca 10-ls tol O-l~ aeoond, during whioh onaor more ●tOMSor ❑oleoulaa participating
in the exaltation ●rrives at an energy atate uhloh 18 on the rapulalve part of the rolovant
potential anergy aurfaooi ●nd (3) rienorption, as the partiole la aatually expelled from the
aur~aoe. During thle last phaea the pa, itlcle may ●lao undergo oharge exohange or other eleotronio
particle-aurfaoe Ir,teraotlona.

(n)EXCITATION (b)E.WHXON
(c) PARTICLE-SURFACE

ELECTRONIC INTERACTIONS

Fig. 2, Illus Wation of tha throo stagoa of ● CIET proo~asl (a) ●xcltationl (b) looalizatlon
of ●nargyl and (o) doaorption.

DIET opeotroaoopy or lona hoe boon ueod for many yoara to obtain etruotural and oompositlonal
information on a variety of ●urfaaos, Sovaral moahaniamo for ion DIET havo boon propoaod, tha
flret of bthioh waa tho Honzal-Oomar-!l @dhoad mod~l [8 ], dovlaed to explal n tho deaorptlon of
abaorbod games on metal aurfaoon. This ❑odol, oharaotarlzod by the ●aaunption that two-body
~As-pP,ana potantlala oan bo ueod to ●xplaln tho repulaivo ●nergy otato, oxplainos, in ● qualitative
way, the d~aorptlon of neutral ●deorbatoa ●u,~h ae hydrogon frcm tranaltlon-m,jtal ●urfaoaa.
Bogl nnlnd 1n tho 1970’a, Knotok ●nd Folbelman dovl a-d ● dlfforent meohanlarn to ●xplal I tho doaorptlon
of lona from msxlmally valont oovalont aolida suoh as tltaniun dloxlda [9]. In tdel? modol, the
oroation of long-l lvad holo palra produooa d9aorptlon via a Coulcmb ●rrploalon, By d~uonatr’at i ng
oxplloltly that the formation of hola palro OOU1O lnoreaae the stability ●nd llfotimo of an



,. Cc”.ronic excitation leading to 05s,. . .. .( role of apecifio solid-ntato
properties of h naloct alaas of oxides Jr :. ,,, ..’, ,Wj. The 1ink between bond Mnglaa
and damrption probabllltlea hme been expl~i; t . 1,~’K’iIotiY, YtaL13.5 mnd their mouorkera tO Obt~i II

detailed atruotural mnd oapoaltlonml i nforfiat lc1} shout adsorbmd apmalaa on both metal ●nd
lnmulator surfacea [11].

Houaver, neithar theFlenxel-Cmer-Redhemd nor Knotek-Fel IMlman models are ●blo to ●xplaln
experiment shoulu eonclualvaly that ttoe DI~ Phen~~n in lna~at~a (muoh M t~ ~k~l
hmlides end dkalina euth halides) la overWhelmI@y d~lmted by neutr~ partiole wodwtl~
[12]. rha ~ad-inanoe of neutral pmrtlole ylelda in eleotronlatily atimuhted dmmorptlon D8mnm
that in theaa ■mtarlala ion deewptlon la lmrsely irrelevant to atudlee of the fundmmntal
dynMl oml meohanlrna of deoorptlon, mlmply beomuae tlw lwgest fraotior~ of ●baorbmd ●nerw Uoem
into the produotlen of neutral partlolem. We nou conmider representative raaultm frm neutrml
dmmorptlon mpotroaoopy in mllm.11 oryatmlo.

3.2. DIST Experiments on Sln@e-Crymtml Alkmll Kalidea

The detection of neutral partialea mnd the study of thadesorptlon ●echmirn moowm primmrlly
via optloal taohnlquca [13]. Flame 3 shouo the sohamtic of ● typloal DIET expmrlment in whtoh
neutrml pmrtlolee ●lther in the cround 8tSt0 or in the ●XOlt8d state *eorblna fra ● surtme
ue obmerved. Tha radiation acwca -- 10U energy photona, eleotrona or hawy ptl olea -- 1s shoun
ma lnoidont fra thelaft. The target surfaw, 8enWallY XIIinaulstor, 10 kept in ● S-P1O ohmber
under ultra-hlsh vaou-, so that the fowtlon of impurity Meofbatma on the ●wfaoe omn M
Oontrollwl or ■l nlml xed. The target wrfaoe 1s mounted on ● ■loraanlwhtor stmgewhlohomnbe
h9atod or ooolad to WMY t-pOratWW4MIMfidWX ●ff8CtS (0~., defeot SIWatlO#I) on d80WPt10tI
dyn-lom. When the radlctlon lmplngem on the tWgd ●xfme, d-orption ●vents 000W and tlto
demrblm Partlolea begin to ■ove 4WSY from the surfma. Exolted partlolem uong thm demorblng
●tmm mnd●olocul - radiate u frOQ Pmrtlolw mmthe Y 10WO tho ●rfaoe. TMs radiation 1s deteotod

by ● ●paotraoter whoee foul vol-a Is arrmnsed to lntmseot the VOlb90 of thm .seitiIubarn
lrnedimtely in front of the tmrget murfaoe. It la this radiation uhloh 1s dmter,ted by the
spaotraetmr mnd uhlch glvea a ohmrtoteristlo optioal Slmatwo of Pmrtlole idantlty, lnternml
●nergy state, veloelty dlatrlbutlon mnd depmdenee on tha atatO Of the eurfaoe (0. S., t-peratwe).

.

“ ~~ ;!*
RADIATIONSOURCE :,: Fig. 3. Soh~tlo of ● DIET

Oround-atatv partlolu loavln~ the ●urfaoc, on Lho uLher hand, ●re dataoted b~ mamMof lUor-
induamd flwreaowhna Umlng ● tunmblo dya laacr bakm, whl oh It brought to ● wlndoM in thm ultra
high vaoutn ohcebor vla ● fiber-optlo link. Tha lleht frcm tho lmmar la Oolllnaar with end
●nti-parmllel to lhe ●xoitlns beam ●o that tha Partlolaa ioavins the ●WfaOO mf’a ●aoIt@d bY th
I smer Into ● state frm uhloh they oan radlato vla oharaoterlatlo ●peotrml llnoe. Ao mn ●Eapla,
ue oonolder tha remits of PSD ●xpwlmonts [ 1UJ of LIF alngl~-cn’ystml wrfmOS. The ●moltmtion
sourac f= theat ●upwimenta uaa thoTantalue ●torag@ ring ●t thx Urrlvormity of Wlmonatn Synohrotrun
fimdlatlon Center, With phctona in the ●ner~y ranta fr- 40-200 ●v.
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Figure 4 shows the optical emission
intensity of (a) desorbed Li* (excited
Li atoms) as a funcLion of the
primary-beam photons, compared to
the eimllar curve for (b) Li+ (lone)
and (c) the LiF photon absorption
coeff iclent. In all three curves,
the main excitonic structure of the
Li K-edge 18 evident. Also, the
high yield over a wide range of
photon energies suggests that DIET
proceeses are likely to remain
efficient even down to relatively
lou energies, and certainly at energies
characteristic of the electron-beam-
produced BremIeetrahlung in a devioe
euch am the LAM. However, the moat
important feature of these curves ia
that the L1* yield exceeds that of
the Li+ by five orders of magnltuda,
More recent meaauraments of the PSD
yield of LiO (ground-state neutral
lithiuo) ahowed that these yields
eXCeed those of Li* by one to two
orders of magnitude.

Fig. 4. (a) PSD yield of Li* from LIF.
(b) PSD yield of Ll” from LIF.
(c) Optioal tranemiaalon for LIF.
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In the alkali halides following electron or photon impaot, the halogen neutral stoma are ejected
frca the surface with e euprathermal energy, while the alkali neutrela are deaorbed thermally.
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Figure 5 ahowa the temperature
dependence of the ESD yield of
ground-state and excited-state
lithium ❑etal atoms from single-
crystal lithium fluoride. The
deaorptlon yield curve for the
ground atate neutrala followe
the clasaic Arrheniua deaorption
ahape, inoreaa!, ng ae a function
of temperature until the yield

.A ._ -1 of lithlun metal stoma frcm the

.:’ ‘%”..
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surf’aoe la equel to the rate at
whloh they are being produaed
by the irradiating eleotrona.
The excited etate neutrala, on
the other hand, are not desorbed
thermally there 18 other
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Fi$. 5. Floureaoence yiolde of Lt* and L1’ deeorbed from
single-aryatal LiF, ●a ● function of tmmpcrature,

evidenoe euggeating thet the
L1’ are in faot not in thermal
equilibria with the aurfaoe at
the mceIent of deeorption. At
tmnperaturca below thoie required
for deaorptlon of either L1° or
L1’, then, there are mlcrosooplo
UXtiOOerdtiOne Of free ●lkali
matal on the aurfaoe of the
iwadlatedalkall hailde crystale
- a situation fraught with
algnlfioant implioationa for
optioal damage,



Collateral evidence for this ploture of ESWPSO in llthlu fluoride co:!.=,~from meemuremante
fra a variety of sodlm halldea ehowlng that the velocities of deeorblh~ gwund-state eodim
●t-e have a Haxuellian distribution ●t the temperature of the surface. The ntabar varaue
veloolty distribution of the daaorbing ●t- lo giren by

dn/dv - CVS exp(-mv’/2kT), (1)

where the velooitY v la related to the meanured freWIenoY v M the Xnltted photons by
the flrat-order Doppler formula

v - ~[1 + (v/o) ooe O]. (2)

The perrneter V. la the MOntra.t frequency for etatlonary ●tma end 0 la O in the geometry of
thaee experiments. A frequrnoy aoan or the tunable dye laear around the Oharactorlatlo @ound_
atate ●bsorption linee allm deaorblw at-a to roaonantly abeorb laear light ●t the Doppler-
ahirtad uavelenuth ●pprowiate to their raat frme. The graph of fluoreaowwe yj eld g. fraquenoy
is thm ●quivalent to- a moan of dn/dv.
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Flu. 6. (Left) Fluoreeoenoe Yield ea a f ufIOtl On of laaer-frequenoy for ground-state eodi -
desorbing fr- varlo-u aodi - hti idee. (Risht) Velooity dletrlbutioil derived frrn the
baet-rit t=perature for the measured Doppler-shifted frequenoy apeotrw.

Figure 6 (Left) ahowe the ■eeewed deta in the Doppler ooanning oonfigwatlon of the ●xperiman o
on en Iia-ha.lide oryetals, runnins over the two Iwrxt?flns PXaka of the Na Da line. Fisure 6 (Rlsht)
oompares the fitted Maxuell-Boltmann taperaturee with the Meawed ourfaoe tmperatwwa over
the range oovered in one ●et of ●xperiments. The ●eaewed ●wfaoa tnperatum and theta~ratwe
1 nferred frm the fitted volool ty dletrlbutlona dlf far by ● Wnetant munt, probably due to the
~adi ent betueen the tharnooouple proba and thx ●wf ●m. Tk ●ewrod awf ●oo ud beet-f It
taperatwee were and o-pletel y oonaistent With neutral Uound-etata Ukal ie deeorbl ng 1n
tharsal ●quilibrl - With the ●urfaoo [15].

.Sae further alwa to the oharaoter of the D12T ●eohaniam in alkal 1 Ml idea oae fra
time-reeolved ltSD ■eaaurmenta oarrled out on LiF. In these ●xparimenta, ● ohoppad ●laotron
Mea end ● time- tWMpl i tudo ~nverter Ooupled to ● ●ultiohannd anal yzer uere _ployod to
meaaure the deaorption yield In the ‘XftW@O# period after the aleotron barn wax ttmed off.
Typloal data f@ sround-etate and ●XO1tad-state neutrele ●t tw cliff ●rent ●aPle t-perature~
●pe ahoun In Fi8ure 7, Uhen the ●leotron beea ia twned off, the ground-state f lWreSOenOe
yield Moaye alouly, indicating that Lhemelly driven defeota are ●igratin# to the ●ImfaOa
and reduoing their free ●nergy by triggering deaorption ●venta. The aw kind of ●xparlment hea
been cavled out looking ●t the ●xol ted-mtatm nwtralm deaorbad f r- llthim fluorida. But In
this oeae, the yield of •~eited stete neutral lithl~ ●xaotly traoka the on-off pattarn of the
Irradiating ●leotron beam, indiomtln# that thxre ia no near-swfaw bulk oontrlbutlon to the
deaorptlom yieldl inalead, the neutral ●xoited lithiw omee off the surfaoe imedlately ax it
ie MIM irradiated. This ahoua thatw -. dealinc withquite ● diffaren~ ■eohaniam then t~t
reapnaible for the de:wptlon of round etate neutral llthiw.
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Fig. 7. Time dependence or
yield for ground- ~tate
Li in ESD rrom LiF.

3.3. Mechanism for Ground-State Alkali Resorption

Summing up, one can say that electronically-atimtiated resorption or ground-state alkalis
fran alkali halides exhibits features oonsiatent with thermal deaorption from the surface and
near-surface bulk. In contraat, although the evidence 18 not ao detailed as the results cited
here ror the alkalia, it has been shown that halogena desorbed fran alkali halldee under low-
energy electron bombartiant have suprathermal energies and are anitted in prererred directions
along the halogen ‘atringsw in the CrYsta.1. This au geats that the formation and relaxation of
F-centers, as orginally proposed by Pooley ’e.nd Herah ~16], is a likely mechaniam ror the ejection
of the halogene from the aurfac? and near-surface layer or the bulk. The Pooley-Hersh model
involves a specific electronic “excitation leading .O preferential and energetic ejection of
halogena along the <11O> directions (Fig. 9). Simultaneously, by leaving behind an electron to
bind to the now under coo.”dinated alkali atoms near the aurraoe, it provides a mechanism for the
generation of neutral alkalis to undergo thermal desnrption. Moreover, becauee the Pooley-Hersh
meohaniem is a eimple one-step process-- involving only the formation end relaxation of an exciton-
‘the creation of neutral alkalis can occur relati’{elY effit?ientlY.
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F’igo 8. Soheaatio of the Pooley-Herah mechaniam. The lnit ial etage looalizee the incident
●leotronio energy through the oreation of a eslf-trapped exaiton. The transient dihal ide
moleoular ion, formod by the overlap of the ●xoited ●nd a neifiliboring (normal ) halogen
ion, la in ● predisaooiative state, When ● halogen atao or ion la ejeoted preferentially
along the halogen atring direotione, it leuvea behind an F-oenter ●nd a dereot (halogen
vaoanoy), ●llouing the underooordlnated alkali ion to be neutralized and deaorb the~@lY.



With respect to optical damage in SULS, the significance ( . .. . . : c ..:. -i”iism lies
in the existence of free alkali metal ataes on the surface f ollowi lie =... ‘., .:. U: p. U.. CII, Jrradiationo
me long as the surface remaine sufficiently cold that thermal desorpsi orl does not OCCW. This
implies, ma we now die.cuss, a variety of undesirable consequences for optical materials generically
related to the alkali halides.

Q. Electrcmi call y-Induced Damage in Optical Dielectric Materiels

Frcm the microscopic point of view, electronically-induced damage in short wavelength
optical materiels ariaes from the ability of these dielectric to store energy in a highly localized
way and then to releaee that energy through destructive channels. The problem my be seen more
clearly by contraatlng the eltuation with that of a pu?e metal, in which the highly non-localized,
conduction-band electronm are able to drain away lncldent energy frcm the abaorptlon alte end
disperee it throughout the metal. In en ineulator, such a dispersal of the incident energy 1s
not easily possible, becauee of the tight binding of the valence-bend electrons, reflected in
the large size of bend-gap energies for typical optical dielectrics. Horeover, in dielectrics
there exist a variety of materiel dependent mechanisms-including exciton formation and the
~pulation of surfaoe states-through which incident electror.ic energy can be localized in space
and time sufficiently to trigger defect formation, deaorptlon end other destructive events.

In this section, we discues one pasaible echeme for analyzing the maoeptibility of optical
materiele to damage b=ed on generic materiels properties: We elao discuaa evidence for the
existence of an me yet urmharacterized overlayer on the surface of moat ❑aterials, whioh appears
to retard subetrate deaorption. Finally, Wediscuee amode.1 of optical damage at short wavelength,
in which en electronic precursor mechanism changes the materiel composition end structure in
vays which lead ultimately to cateetrophlc damage and failure of the materiel.

4.1. The Role of Specific 14echanlams

Early thermal models of optical damage were guided by an understanding of the interaction
of infrared photona with the phonon spectruu of ❑etals end insulator. Our picture of short
wavelength optical damage we shell present 1s llkewlee guided by a “recent characterization
of electronic interactions in insulators end semiconductors due to Itoh [17]. This model of
different cleeses of electronic materiele allows us to relate experimentally ’observed resorption
dynamite to upecific materiels propertied. By concentrating on epecific excitation @eohrmiems
and on the dymmioa of energy flow leading to resorption and, ultimately, eroeion and materiel
ablation, it i paaslble to correlate the propertied of the incident radiation with the properties
of specific opii..al materiels to produce a ❑icroscopically detailed picture of the damage process.
This understanding of the resorption dynamics leada to a valld description of damage frcm well
below the plaama threshold up to end beyond that limit, and allows the ldentif ’.cation of critical
rate conetants.

The Itoh cleesification of semiconductors and inaulatora tlingee on en understanding of the
ability of materlale to Support exciton formation, on the one hand, end relaxation to mobile,
permanent electronic de{wcts, on the other. Thecategoriea of material stogether wlthrepreaentative
substances which have these varioue featuree, are shown in Table 1.

Table I

Category Self -Trappe d Excltons Permanent Defecte Materials

I No No Compound Semiconductors
Some IWtal Oxidee

il Xev No a-Quartz

III Yea Yes Alkali Halides
Alkaline-Earth Halides
Fueed Silica
Other 14etal Oxides

(Aluelna, Titania)

All of the materials in thla Table are in fat’. either insulators or eemlconduotora, reflecting
the fact that, in the typical lamer envlromaent, all materlala, inoluding metal mirrors and
❑etal l’vered atruoturea, are oovered either with an oxide or with acme ‘other coating due to the
preseno~ of air or the laaer enviromnent, whioh rendera the eurface en lnaulator or, ●t best, a



semiconductor. It 1s lntereatlng to notethatvirtually all optical materials of current interest
in short wavelength leser designs fall into either category 2 or 3, forming Self-trapped excltons
w permanent dafeote ur both.

We iisve seen ttW the alkali halides exhibit efficient LSD md PSD thrOugh the Pooley-Hersh
defeot-induoed daaorptlon rnchmnia. H.ateri~s in claaees 11 and III of the Itoh taxon~ruhich
inolde virtually all interesting SW optical materials-are prticulary vulnerable to optiaal
d-ge baaeuae they = a olaea, can participate in ● variety of similarwooefseam.In theory,
meterlale in olaaa 1 whiah fwma naitimr self-trap~d exoitona, nor permanent dafeote, eimuld be
relatively invulnerable to electromioal stimulated deeorption and erosion of the type we have
been oonaidering. However, there is evidence [18] that the mampound e-’..andwtore are in faot
etChd or eroded to a algmifiamt de~ee by eleotrona and photona ‘Jr by reaot.ve lone, particularly
in the ~aaenca of ultraviolet light. This probably ●eane that the Itoh olassifiaationa soh~e,
while helpful, ie not yet auf fioienUy differentiated to account for all the factora whioh
oontri bute to optimal damage. F& example, elnee the Itoh eah=e is baaed on b~k pro~rtiea
of materialo, it faila to ●acount for surface etatea, whiah ue Incre-lng being lmpliaated in
optical damage prooeemaa [18]. Therefore, while we alull consider the Itah taxorumny am a guide
to the general phenaenology of eleotronioally-l nduoed Opti CW d~ge, it is oml y that at ~~ent.
In prtiaular, it haa little pwdiative power for extracting rate mnatants.

U. 2. T’M Protective Overlayer

In early eleatron stimulated resorption experiments oh alkali hal i due, it was found that
e=plee ~ep.ared in air md than inserted into the ultra-high vaaum Syat- only exhibited
neutral alkali resorption after lengthy irradiation by the electron ba=, even when the target
wae heated to very high t~parat~ea in an ultra-high vacum envlrotment, Evan mputterimg by
modeet @eea of noble gaa lone failed to produae ● virgin eurfaoe yieldlng neutral alkali ●taa
under electron stimulated daawptiom. It waa not until detailed mpactrel scam througiwut the
visible region of the epeotr~ were taken that it beomme clear that deaorption wae in faot
Ooaurrlng, but not deamption of the alkali halidee unti 1 eme aignif iaant radiation dmage had
hen done to the emf ana.

Figure 9 shows a pair of plctwee ehwlng
electr~n stimulated deeorptlon on eodium
fluoride and Sodim chloride. In thle eXpariMWIt

the eleatron be= energy we held fixed while
the vieible epaatraetwr (Figure 3) wee aoanned
through the range of wavelength indicated on
the horizontal ●xis. The varioua paake in the
d-orption epeatrm were identified fra the
atai a 11nee of various elements. In ●ddition
to the sodi m 1ine, there ●ppearm ● virtually
cmplete hydrogen apectrm (Salmer series), ae
well ae lines fra OH radioalm and from a
auaai-molecul ar etructure whose exact nature

J---%-N ia still under investigation [19]. The oruoial
it= frrn the etand~int of op~lca.1 daeame 10

~
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I

a-ml Mar
b

1 that , in the aase “of sodium- fluoride,– the
relative yield of eodi~ ie Lma.tier than that
of the hydrogen and cthar contaminant peaka,
while in the case of eodiw ahlwide, the
sodim yield exceeds that of the aontminant
apeai em.

Fis, 9. ESD 0:’ Na’ fra NaF and NaCl in ●

hydrogen ●tioaphere. The ●lectron
b: energy was apwoxiutel y 500 ●V.

This impl i ee that the eurfaoa overlayar and the b] riding of the overlayer to the eutmtrate
determine the rate ●t uhiah nubatrate ■aterial will be ejected by electron irradiation. similar
rosulu have been hohleved in preliminary experiment in photon stimulated deeorption ●t the
Synchrotrons Radi ●tion Center of the Uni verai ty of Hiaoonain. One of the tantalizing queetiona
for fu”ther research if tM extent to whiah this eurfaae overlayer aan be deli Mrately depomited
on an optical eurface in euoh ● way that it does not affeat the aptiaal propert!ee of the eurfaoe,
but does influencethe rate ●t whioh eubatrate ❑aterial aan be ●roded through eleotron or photon
Wbar*ent.



.,. . Lion frm Electronically to Therm8-lly Induced Opt!cal Damage

Using the DIET meohani!ml in alkal! halidea -~ ● model, mnd considering the effect of tha
surface overl ayer. we now present a D( del c: damage to short wavelength optical materia.la uhi ch
takea account of ●leotronioally-induced ohanges in the Btruoture and the omposl tion of the
❑aterld aurfaoe, and of the themal afreota which mriae fw laaer lntanaitiea well above the
plaama romatlon limit. In tMa model, we mefnae that ● Pooley+ierah typ6 mechaniam le operative
in a mubatrate material of Type III, and &s-e that there 10 ● protectl va overlayer uhioh
erodem at ● rate aignifioantly lower thanthe mubetrate material. The general aoh~e for titia
❑odel ie shown in Figures 10a, b, md o.

In Figure 10a, sbrt wavelength laxer m other irradiation la lncldent on an optical al-ant
with a potectlve overlayer and a auMtrate materiml forming lmth aelr-trapped excitona amd
permanent electronic derecta. In Type III matariale, derecta produoed in the substrate bulk
mra ‘getteredm to the interrace between the overlayer and the submtrate, roming a metallic
i nt,erl ●yer. In the early phaaea of imadiation this ■etal-rioh layer ham ti efrect other than
to ~eaant a themal aborption site slightly belou the surfaoe of the optical eloemt. It
ahoutd h noted IWiever, thatin multllayar dleleotric filmm, eapeoially where the■ateriala mntain
metala, i t la likely that the exiatenoe mf theme intarlayera may lead to aeriow thttmal oonaequencea
in the cataetrophio phaae of lamer damage.

In Figure 10b the irradiation ham gone on auf fioiently long or ●t suffioiant intensities t~t
the ~otective Werlayer hae Mgun to erode, expoeing to auhsequent irradiation the ■etal rioh
interlayer created dining the precmsm phmee. Eff ioiant =aation of ●ddi tional daf eota, in the
near surface bulk and diffusion-d~inated migration to the breach in the proteot~ va orerlayar
beuine to aom. It should be noted that the Wecise looatlon of the breaclw or vpa in the
~otective overlayer will be determined by ● n-bar of rand- events, inoludimg, but tit limited
to; (1) the atatistioal mi~ation of derecta fwmed in the aurfaoe overlayer ~aa~ing vaoanoiae
mnd under coordinated lattice in the overlayer; (2) surfaoe ,“earrang-enta and rmonetruction
lnduoed by desmption or materiala ●t the amface of the overlayer mnd (3) the mi=ation of
matala f rm the interlayer into the aurfaoe overlayer, prduoing dereotm and unoet-owrdinated
al tea in the lattioa atruoture of the ovorlayer. Suoh procesaea can 000W ~th in ~yatall ina
and in aorphoua msteriala; in -wphoua material%, the irregularities in the local electron
denaitiea simply ❑eana ttit it be~- ●ora difrioult to wedict the altos at witioh defeota or
vaoanciee Wiliiveuitually w t-porarily o-e to rest.

~

CRYSTAL WITH OWM;;;R
OVERLAYER

By far the rioheat phenomanology ●nd the ❑oat damaging eventa oocur with the Orri Vd of a
Iaaer pulse on a surface whloh hae gone through the evolutionary phaoca lndioatad in ~lg~ea 10a
and 10b. When the danaity of ■etallio at~a la auf f’ieiently high that ammil ag~meratiome of
metal have ●ctually fomed in theMeached aroma of theovorlayer, it le poaoible for ●n intanee
laear ~lae to oreate ● ❑etallio plnsma, Sinoe ●ggimerationc Or even only ● feu tena of ●t-a
already hxve ●esantially ●etallio ~oparLiea [20]. The ●laotrona ●ooelerated in the lamer r:ald
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,.: er,t for alectron-st imulated-demrptlon with near unit afflclenclea,
ejl . . : .. -.’..I ur ❑oleculrs fra the optical material, The iom accelerated 1n the
plasr. = Lj ‘.:.. ..s.: fl~id are even more damaging slnoe, at relatively lou ●nerglea, they have
aputterlnE eff I clenciea greater than unity amd produoe algnlficant deamptlon, erosion and
oraterl ng of the surface. The acoel eration of 10M and eleotrona alao ~oduoae ultraviolet
radiation whioh oan oauee “photon stimulated deeorption. And, finally, the ●b~ption of light
i n the metal-rich overlayer will alao produce thema.1 cratering ●nd damage typi oal of the
phenaenology already well-known ●t infrared 1 aor uavelengtha.

Thus beginning with a piotbre of inoividum.1 resorption aventa initiated by the deposition of
eleotronio anergy, we have C=e full oirole to the al tuation where oataatrophio dmaga 10 produoed
both by plaama formation and by thermal absorption at the surface. lt 10 important to understand,
however, that while the ultimate dmage affeota may be themal in nmcme, and could parhapa at
thla atage even be deaoribed by a thermal model, the oorreot description of the ❑l oroa Yopic
phyeica ( inoluding the determination of the ori tloal rate oonetanta) hlng~ on underatr.ldlng
●leetronioally atimtiated proceaaea induced by amrt wavelength lamer photons, and by hard
ultraviolet photone and energetio eloctrona f rm the laaor pmping Pocess. Moreover, while Ma
have not mentioned aurfam ohaiatry expl 101tly, we ahculd not overlook the f ●ot that raaatl ve
lone in the lamer plx$ma, together with ■etaatable neutral apaol ●a and sukerthermal atau f rm the

l~er ,’la~, will tiso uork destructive mischief .at the surface.

5. Conolualom

We have argued tt.at DIET prooassac am likely to be the primary cauae of damag9 to optioal
materiale ●t short laxer wavelcngthe, say, below QOOm. The evidenoe for this point of vimw
reata on a growing body of experimental data from uhioh we are rapidly building a detailad
●t-io_soale piotme of the dyn-ioa of deaorption ~ooeaaee. Hhile tha materials studied-the
alkali tulidea are not the apecifio ohoioea in ❑oat SNL’a, they are representative of ● generio
claaa of wide band-gap i naulat ore whioh support the oraation of aalf-trapped ●xoitona and relaxation
to ~rmanent dmf●cts. Sacauae en many W optical materixla fall into this olaaa, the genmrio
prodiotiona of our damage modal should hold true, although tlwdeaorption rites (or affioienoiae)
❑ay well be different in, say, the alkaline-earth halides or ❑etal oxidee than in the alkali
halidea we hove studied.

The key atepe in the damage process, based on the experimental evidence, are:

( 1) the fomation of defeota ?on the aurfaoe and In the near-surfaoe bulk;

(2) chQngea in aurfaoe and near-mrfaoe cmpesition (formation of ● ❑etal rich Overlayer)
due to the themally-driven mi~~tion of these defeotal ●nd

(3) the ocourrenoe Of oatamtrophio plaama fwmation 1rading to self -reinforcing resorption
●nd aputterlng pooeasea.

While we have oonoentrated on prooeseea ooourri ng on the naar-surf ●oe bulk due to relatively
high-energy ●leotrona ●nd photona, therq la alao evidenoe implioatlng long-lived aurfaoa etatea
in the deaorption of ●xoited neutral ●tas. Should the photon-energy threahoJ W f m reaohi ng
theao ataha ,Tove to be mffioiently 10U, it would make ~aeibl~ the trigger; ng of DIET prooaases
by lowenergy lamer photonm in ●ffioient, single-photon axoita ma.

Aoknowladg~ent

The Vanderbilt ~ntribution to this wrk wa~ partial] y aupportod by a researoh oontract
frca the Loa Al-on National Lateratory. Tha experiment on the KrF LAMwar ❑ade pmnibla by the
dilisenoe ●nd technical skill of the Aurora lamer nystmm operating tew.
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